This paper discusses the aerodynamic scaling process of a 1/5 th -scale R/C model of the Cessna 182 for the General Aviation Upset and Stall Testing Aircraft Research (GA-USTAR) project. The GA-USTAR project aims to construct a dynamically-scaled model of typical General Aviation aircraft for the purpose of validating flight simulator stall/upset models. Modeling the stall behavior of a scaled aircraft requires aerodynamic scaling to account for changes in the operating Reynolds number. Aerodynamic scaling of the Cessna 182 was accomplished through the design of a new wing airfoil that matched the lift curve slope, maximum lift coefficient, and the moment coefficient of the wing airfoil (NACA 2412) of the full-scale Cessna 182 at stall conditions. To accomplish this, an in-house developed inverse airfoil design tool, PROFOIL, was used to design the VAS1715 airfoil. The VAS1715 airfoil, is 12% thick and has a maximum camber of 5.16%. The VAS1715 airfoil was designed to have the same maximum lift coefficient at a Reynolds number of 230,000 (scaled Cessna 182 stall Re) as the NACA 2412 airfoil at a Reynolds number of 2,700,000 (full-scale Cessna 182 stall Re). Verification of the designed VAS1715 airfoil performance was carried out by performing experimental validation using the University of Illinois at Urbana-Champaign (UIUC) Low Speed Airfoil Testing setup at the UIUC Aerodynamic Research Lab for Reynolds numbers ranging from 200,000 to 450,000. For each of Reynolds numbers tested lift and moment of the VAS1715 airfoil were measured for angles of attacks from −10 to 20 deg to obtain the linear and post-stall range. The drag for each Reynolds number was measured separately using a wake rake from −10 to ∼14 deg (up to stall). Measured experimental VAS1715 airfoil performance data are summarized in this paper together with discussion of the results and its matching with NACA 2412 airfoil (full-scale Cessna 182 wing airfoil) results. 
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I. Introduction
Scaled aircraft models have been used to develop and test aircraft since the development of the Wright Flyer. 1 The benefit of using a scaled model is that it allows researchers to safely and cost effectively simulate the dynamics and aerodynamics of an aircraft. These models can be split into two categories, static models that are tested in a wind tunnel and free flight models that are flight tested. Though scaled models are commonly used, simply scaling an aircraft is not enough to ensure similitude, as the dynamics and aerodynamics change as the weight and Reynolds number differ. 2 The scaling issue can be solved by incorporating correction factors to the model design and using them for the data analysis. Dynamic scaling employs correction factors that allow researchers to simulate aircraft dynamics using scaled free flight models, 1 where the mass properties are scaled to match the full-scale aircraft. There are also a set of aerodynamic parameters that will need to be modified in the model to accurately model the in-flight aerodynamics when the aerodynamics are of interest.
The General Aviation Upset and Stall Testing Aircraft Research (GA-USTAR) project, is an ongoing effort at UIUC to develop a dynamically scaled model of the Cessna 182 Skyline. The goal is to provide validation datasets for flight simulator upset/stall models developed for typical General Aviation (GA) aircraft operating up to 10 deg past stall. 3, 4 The dynamic scaling process of the Cessna 182 can be split into two components: mass scaling and aerodynamic scaling. Mass scaling requires the distribution of weight in the model to be scaled using a set of scaling laws, which are used to simulate aircraft motion and response. These scaling laws are an expansion of the square-cube law, with the addition of a density-scaling factor, 1 which accounts for differences in flight altitudes of the full and dynamically scaled model. Aerodynamic scaling requires modifications to the geometry of the model, which is needed to simulate the aerodynamics of the full-scale aircraft in the linear and non-linear regimes.
One of the key parameters that determines the aeroynamic behavior of an airfoil is the Reynolds number, given by
which shows that as geometry and the velocity is scaled down, the Reynolds number will decrease. As Reynolds number decreases, some noticeable changes in the airfoil performance are a decrease in maximum lift and an increase in drag. The increase in drag is often attributed to the laminar separation bubble, a region in the airfoil flow where the laminar boundary layer transitions into a turbulent boundary layer, resulting in a local separation and reattachment region. The separation bubble increases the thickness of the boundary layer which will increase drag. This separation region is attributed to an adverse pressure gradient encountered downstream of the leading edge pressure peak. As Reynolds number is increased, the transition point will move closer to the leading edge such that laminar boundary layer transitions into a turbulent layer before separation of the laminar boundary layer can occur. Trips or turbulators are often used in wind tunnel models and aircraft to transition the laminar boundary layers into a turbulent boundary layer, thereby preventing the separation bubble from forming. 5, 6 The Mach number is also an important parameter that determines airfoil behavior and is given by
As the model size decreases, the flight speed of the model will decrease as dictated by the dynamic scaling relations. 1 This decrease in airspeed will change the respective Mach number of the model which means that the model may not account for compressibility effects. Fortunately, compressibility effects can be considered negligible if the Mach number in the full-scale regime is below 0.3. 2 The flight speed of most GA aircraft, especially when operating at the stall speed is well below M = 0.3, meaning that compressibility corrections are not necessary.
This paper focuses on the aerodynamic scaling process of the GA-USTAR detailing the steps taken to ensure that the dynamically scaled model can simulate the upset and stall behavior of a Cessna 182 in an upset and stall configuration. Scaling requirements and the airfoil modifications needed were first determined for the GA-USTAR aircraft. The airfoil design and analysis tools used are reviewed along with an explanation of the airfoil design approach used. The construction and experimental validation of the designed airfoil using the 3×4 ft subsonic wind tunnel at the UIUC Aerodynamics Research Lab for the purpose of validation is discussed. Finally a comparison of the experimental data acquired and how it compares to the full-scale configuration is performed. The comparisons of the experimental data and the full-scale data are used to determine if the aerodynamic scaling requirements were met with the airfoil designed in this paper.
II. Requirements
Given that the Cessna 182 was to be dynamically and aerodynamically scaled, key information for the Cessna 182 A/B/C variants are shown in Table 1 as obtained from Refs. 7 and 8. From Table 1 , the stall speed and the corresponding Reynolds number of the Cessna 182 in the flaps up configuration 91.1 ft/s and 2,700,000 respectively. As detailed in Ananda et. al., 3 the stall speed of the dynamically scaled (1/5-th scale) GA-USTAR aircraft is 39.5 ft/s which corresponds to a Reynolds number of 230,000. To aerodynamically scale the Cessna 182, three parameters of interests are focused upon: lift curve slope (C l α ), maximum lift coefficient (C l,max ), and the pitching moment (C m ) of wing airfoil. The lift curve slope is needed for testing the aircraft within linear regions of the lift curve. The maximum lift of the airfoil needs to match if testing is being conducted for high angle of attack maneuvers and for modeling upset and stall. Finally, the airfoil pitching moment will need to match to ensure the scaled model is operating in a stable configuration. 9 As maximum lift will change with respect to the Reynolds number, a new airfoil is required to match the aerodynamic parameters if a high fidelity model is to be created.
Though the wing airfoil requires modifications, the horizontal tail airfoil does not need to be aerodynamically scaled as the wing typically stalls before the horizontal tail. The horizontal tail also operates at a lower angle of incidence than the wing, which means that matching the maximum lift of the airfoil is not required for the scaled configuration. The wing airfoil of the full-scale Cessna 182 is the NACA 2412 airfoil and is shown in Fig. 1(a) . 10 The NACA 2412 airfoil performance taken using XFOIL (N crit = 9) at Reynolds numbers of 2,700,000 and 230,000 are coplotted in Figs. 1(b-d) . In addition, wind tunnel data for the NACA 2412 airfoil taken from Ref. 11 at a Reynolds number of 3,100,000 is also coplotted with the XFOIL results.
The data tabulated in Table 2 is for the full-scale Cessna 182 operating at its stall speed and for the 1/5 th -scale aircraft operating at its respective stall speed. From Fig. 1(b) , the XFOIL performance results shows that C l,max of NACA 2412 airfoil at a Reynolds number of 230,000 (scaled model) is 1.35, whereas the C l,max of the NACA 2412 airfoil at a Reynolds number of 2,700,000 (full-scale aircraft) is 1.75. The experimental results of NACA 2412 at a Reynolds number of 3,100,000 shows a C l,max of 1.62, which is 8% lower than the XFOIL results. The moment coefficient does not need to be modified for the airfoil, as it remains the same as Reynolds number decreases as shown in Fig. 1(d) . The lift curve slope for both airfoils are 2π/rad in the linear regime, which will remain the same independent of the Reynolds number. As C l α is constant, C l,max , and C m are the parameters that will be the main airfoil design drivers.
III. Airfoil Design A. Design and Analysis Tools
An airfoil that matches the maximum lift and the moment coefficient of the NACA 2412 on a full-scale Cessna 182 will need to be designed to aerodynamically scale the GA-USTAR testbed. The first step of the airfoil design process was to use PROFOIL, 6, [12] [13] [14] together with the airfoil analysis tool, XFOIL. 15, 16 PROFOIL is a multi-point inverse design tool that allows for the specification of desired velocity distributions over various segments of the airfoil. Constraints such as the maximum thickness, enclosed area, pitching moment, and boundary layer specifications can be be inputed as PROFOIL creates a solution. The design specifications result in a system of nonlinear equations that are solved using a multidimensional Newton iteration scheme. To prescribe a desired velocity distribution, the airfoil is first divided into segments. Then, using the method of conformal mapping, the arc limits φ on the circle are mapped to the segments s on the airfoil as shown in Fig. 2 . A design angle of attack α* is associated with each segment, where at that angle of attack, the velocity distribution along the segment will be constant.
PROFOIL is similar to another inverse airfoil design program known as the Eppler Code, 17, 18 both using conformal mapping to design airfoils. The key difference between PROFOIL and the Eppler code is the capability to prescribe design constraints to the airfoil design such as the pitching moment and airfoil thickness. 14 Another key difference is that PROFOIL excludes a viscous analysis code, whereas XFOIL is instead used to perform the viscous analysis and close the airfoil design. Using a reference airfoil as a starting point, PROFOIL can be used to modify and design a new airfoil that can meet the requirements for the GA-USTAR project.
As stated previously, XFOIL is used to perform the viscous analysis upon the airfoil and close the design loop. As the operating conditions of the airfoil are in the low Reynolds number regime, XFOIL is well suited the viscous analysis. Though XFOIL is a powerful tool, it can over predict stall and under predict drag 19 as shown in Fig 1(b) . As such, experimental validation will still need to be conducted before the airfoil design can be closed. 
B. Design Methodology
As XFOIL may over predict C l,max , the new airfoil was designed such that C l,max is greater than the experimental results of the NACA 2412 near stall conditions (Re = 3,100,000). As a result, the new airfoil at a Reynolds number of 230,000 was designed to match the C l,max of XFOIL predictions of the NACA 2412 at a Reynolds number of 2,700,000.
The initial design approach taken was to clone the NACA 2412 with PROFOIL and modify velocity distributions to match C l,max . After numerous modifications to the NACA 2412 velocity distributions, it was determined that matching C l,max of the airfoil would be difficult to accomplish. As the NACA 2412 was not designed for low Reynolds number applications, it does not perform optimally in that flow regime. Instead, the Wortmann FX 63-175 airfoil shown coplotted with the NACA 2412 airfoil in Fig. 3 was chosen as the new starting airfoil. It was chosen as it had a high C l,max while operating efficiently at low Reynolds numbers. The Wortmann airfoil was cloned using PROFOIL by introducing constraints and an α* vs φ distribution that produced an airfoil that matched the geometry of the FX 63-175 airfoil. The Wortmann PROFOIL clone inputfile was then modified to create an airfoil that matches the C l,max = ∼1.7 and C m = −0.05 requirements of the NACA 2412. Creating a high lift airfoil with a low pitching moment operating at low Reynolds numbers (Re = 230,000) was a difficult task as the each of closed airfoil solutions produced a reflex at the trailing edge. This reflex prevented the airfoil from having a smooth velocity distribution and thereby making it difficult to manufacture the model for testing. To fix this problem, a compromise was made to the airfoil design with a slightly more negative pitching moment than the NACA 2412 chosen (C m = −0.09). The wing airfoil pitching moment difference can be accounted for by trimming the aircraft such that the model is flying in a stable configuration. The trailing edge thickness of the airfoil was also constrained to 0.05% of the chord to prevent PROFOIL from producing airfoils with intersecting geometry and to ease the airfoil build process.
After numerous design iterations, the VAS1715 airfoil shown in Fig. 4 along with its corresponding α* vs φ curves shown in Fig. 5 was designed. The VAS1715 airfoil has a maximum thickness of 12% (similar to the NACA 2412) located at x/c = 0.234. The VAS1715 airfoil also has a maximum camber of 5.16% located at x/c = 0.394. The airfoil performance results from XFOIL of the VAS1715 airfoil at a Reynolds number of 230,000 was compared to the NACA 
IV. Model Building and Testing
To validate the performance VAS1715 airfoil, a wind tunnel model was constructed for the UIUC Low Speed Airfoil Testing setup (LSATs). [20] [21] [22] [23] The LSATs model had a chord of 12 in. and a span 33-5/8 th in., which was placed inside of the UIUC Subsonic Aerodynamics Lab 3×4 ft, wind tunnel. The model was constructed using a foam core that was cut using a hot-wire CNC machine. Two guide holes for brass tubing were cut into the foam model, which were used to mount the model and to prevent the model from bending from the aerodynamic loads from the wind tunnel test. Balsa sheeting was placed on top of the foam core and laser cut plywood templates were glued to the ends of the model. A Balsa leading and trailing edges are glued to the foam, flush with the plywood templates. The balsa sheeting, leading, and trailing edges were sanded down, where the templates were used as a reference as shown in Fig. 7 . Once the model was sanded down, a layer of Monokote was applied over the model, where a sealing iron was used to secure the film and remove any bubbles on the model as shown in Fig. 8 . Perturbations in the model can affect the wind tunnel results, so it was important to verify that the model built was built within a set tolerance. The verification of the geometry was conducted through the usage of a coordinate measuring machine (CMM). Measurements of the airfoil models were taken from the center of the model. The measured coordinates were compared with the original coordinates using a 2-D least squares approach (rotation and vertical translation). Plots of the true (as designed) airfoil compared with the measured (as tested) airfoils is shown in Fig. 9 and consist of two subplots. The upper plot shows the airfoil coordinates of the true airfoil (broken line) compared with the tested airfoil (solid line). The second plot shows the difference between the true airfoil and tested airfoil. The airfoil upper surface difference is plotted in a solid line, and the lower surface difference is plotted in a dotted line. The average tolerance of the model was 0.0175 in. The model was mounted inside of the 3×4 ft test section and lift and moment calibration was conducted. Once calibration was completed, the model was tested at Reynolds numbers ranging from 200,000 to 450,000 to capture the full flight regime of the GA-USTAR aircraft. 3 Drag was measured separately from lift and moment for each of the specified Reynolds numbers, as a wake rake was used to measure the momentum deficit of the airfoil wake. 
V. Experimental Results
The lift and moment data from the wind tunnel tests for Reynolds numbers ranging from 200,000 to 450,000 and the corresponding XFOIL results are given in Fig. 10(a-d) . The maximum lift coefficient from XFOIL for each of the Reynolds numbers were higher than their corresponding experimental results by approximately 5-8%. The pitching moment experimental results were close to the design pitching moment of −0.09. The maximum lift coefficient and the moment coefficient of the airfoil negligibly varied with increasing Reynolds numbers tested. Though C lmax and C m remained negligibly changed as Reynolds number increased, one of the most noticeable changes in the airfoil was its post-stall behavior. As the Reynolds number increased, the airfoil transitioned from having a smooth stall to a sharp stall, which was observed as the Reynolds number increased from 230,000 to 450,000 as shown in Fig. 10 (b) and 10(d) respectively. Albeit not as drastically, these effects were similarly observed in the XFOIL results. The lift curves obtained from these tests will provide insight towards the flight test protocols and data analysis for the scaled GA-USTAR model. From the airfoil tests, the key difference between the VAS1715 and NACA 2412 airfoil performance results aside from the pitching moment, was the zero lift angle of attack of the airfoil, which will require the GA-USTAR testbed to have a lower wing incidence angle.
The co-plotted airfoil drag polars and the corresponding lift curves for Reynolds numbers ranging from 200,000 to 450,000 are given in Fig 11. As Reynolds number increased, the airfoil drag coefficient decreases, where a Reynolds number of 450,000 would be considered an ideal configuration for cruise. The airfoil drag was not considered to be one of the design drivers for the aerodynamic scaling process, as any of the additional drag forces acting upon the aircraft can be overcome by the power provided from the motor. 9 Despite this however, the drag data from the wind tunnel tests can be used to determine the thrust requirements of the GA-USTAR testbed and predict model endurance. 
VI. Airfoil Data Summary
As a final comparison, experimental lift and moment results for the NACA 2412 at a Reynolds number of 3,100,000 is coplotted against both XFOIL and experimental results of the VAS1715 airfoil at a Reynolds number of 230,000 in Fig. 12 . A summary of the results is also tabulated in Table 3 . The lift curve slope of the NACA 2412 airfoil is 6.00/rad whereas the VAS1715 airfoil lift curve slope is 5.96/rad, which satisfied the first scaling requirement. The maximum lift coefficient (experimental) of the NACA 2412 was 1.61 and correspondingly, the VAS1715 airfoil maximum lift coefficient was 1.62, thereby satisfying the second scaling requirement. The moment requirement of the airfoil could not be met with the VAS1715 airfoil as discussed in Section III.B, where the NACA 2412 airfoil has a pitching moment coefficient of −0.05 and the VAS1715 airfoil has a pitching moment coefficient of −0.09. Though the moment requirement was not satisfied, the GA-USTAR testbed can still be trimmed so that the aircraft can be flown in stable configuration. The zero lift angle of the VAS1715 was determined to be −5 deg which was 3 deg lower than the NACA 2412. Overall the experimental data of the VAS1715 airfoil operating in the scaled stall regime shows good agreement with the experimental data of the NACA 2412 operating in the full-scale stall regime. 
VII. Conclusion
This paper discussed the requirements and the steps taken to ensure that a 1/5 th dynamically scaled model of the Cessna 182 could be aerodynamically scaled. The dynamically scaled model of the Cessna 182 was aerodynamically scaled by designing an airfoil that matched the lift curve slope, maximum lift coefficient, and the moment coefficient of the NACA 2412 airfoil (full scale Cessna 182 wing airfoil) operating in the full-scale stall configuration. The VAS1715 airfoil was designed with the intent of satisfying the airfoil parameters in the model operating regime and has been experimentally verified through wind tunnel testing using the UIUC LSATs setup. Wind tunnel results for the lift curve slope and the maximum lift coefficient VAS1715 at Reynolds numbers of 230,000 showed good agreement with the NACA 2412 data in a full-scale stall configuration (Re = 2,700,000). Though the moment coefficient requirement was not satisfied with the VAS1715, the GA-USTAR testbed can be trimmed to satisfy the scaling requirements. The next step for this project is to develop and flight test the GA-USTAR testbed with a wing that uses the VAS1715 airfoil. The new wing will need to have lower incidence than original wing as the zero-lift angle of attack of the VAS1715 airfoil is lower than the NACA 2412, thereby requiring the scaled model to operate at a lower angle of attack to simulate the full-scale aerodynamics.
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